Restriction-associated DNA sequencing methods are useful for simultaneously developing and genotyping DNA markers such as single nucleotide polymorphisms (SNPs). We describe a new inexpensive protocol for double-digest restriction-associated DNA (ddRAD) sequencing, requiring purchase of only two double-stranded adapter oligonucleotides complementary to the overhanging bases left by digestion with chosen restriction enzymes. Indexing of samples is instead achieved by incorporating two unique index sequences into the forward and reverse primer sequences, so that they can both be added with PCR. This modification enables combinatorial indexing of samples by paired-end sequencing. We tested this method by preparing individual genomic libraries from two putative parents and eight putative offspring from an experimental cross of a marine snail (Littorina saxatilis); each snail's DNA was extracted, double-digested with PstI and BglII, then ligated to adapters. More than 90% of the reads (12,175,413 paired-end reads and 24,350,826 total sequences) could be assigned to the sequenced individuals. Trimmed, paired reads from the putative parents were assembled into 3,421 contigs with an N50 of 135 bp. Reads from all individuals were aligned to the parental reference assembly, allowing discovery and validation of 1,131 variant SNP sites genotyped in all individuals, with mean coverage depth of 33.54 reads per locus. Individual genotypes at each of 1,131 loci were used in parentage analysis in COLONY 2.0.4.4 and confirmed that the putative parents were the true parents of eight sequenced offspring. This study demonstrates the utility of the new low-cost ddRAD protocol for library preparation and SNP variant discovery, and will enable flexibility in choice of restriction enzyme and decrease in startup costs of future ddRAD studies in molluscan species.
INTRODUCTION
Development of informative, genome-wide panels of single nucleotide polymorphism (SNP) markers has, until recently, been limited to model species with preexisting genomic information (Schunter et al., 2014) . Despite their abundance, diversity and ecological importance, molluscs are poorly characterized at the genomic level; while new sequencing tools have recently been used to characterize molluscan genomes, further development of low-cost sequencing tools will help make sequencing possible for researchers working on a limited budget to investigate the genomics of non-model species (Jiao et al., 2014) .
Restriction-associated DNA (RAD) sequencing methods are currently popular tools for molecular ecologists developing novel SNP markers using next-generation sequencing (NGS) platforms; these methods reduce the portion of the genome sampled per individual, to allow comparison of many variant sites between individuals (Peterson et al., 2012) . RAD sequencing takes advantage of the cut-site specificity of restriction endonuclease enzymes to sequence many distinct genomic fragments adjacent to restriction-enzyme recognition sites (Willing et al., 2011) . Location of restriction-enzyme cut sites should be very close to identical between individuals of the same species, enabling sequencing and sequence comparison of the same regions of the genome across individuals (Rowe, Renaut & Guggisberg, 2011) . The first developed RAD sequencing methods used one enzyme to digest DNA and then a separate shearing process DNA to generate fragments of varying length, but sharing a restriction-enzyme cut site (Baird et al., 2008) . Double-digest restriction-associated DNA sequencing (ddRAD) instead uses two different restriction enzymes to generate library fragments of genomic regions lying between the cut sites of these enzymes, further increasing the chance of sampling homologous genomic regions between sequenced individuals (Peterson et al., 2012) .
While NGS methods have lowered the cost of SNP discovery in non-model species and increased the amount of data generated compared with traditional sequencing methods, the cost of laboratory reagents required for sequencing currently remain prohibitively high for many small laboratories (Toonen et al., 2013) . Either library preparation or sequencing can also fail or result in suboptimal data, sometimes requiring troubleshooting, changing restriction-enzyme combinations, and the purchase of additional laboratory reagents, adapters or sequencing.
Here we describe the identification of SNP markers in the marine snail Littorina saxatilis, using a far less expensive PCR-based method of RAD sequencing library preparation for Illumina HiSeq and MiSeq platforms. Littorina saxatilis is a morphologically diverse marine intertidal snail exhibiting sitespecific adaptations to a wide range of habitats across the northern Atlantic Ocean (Reid, 1996) . Therefore, L. saxatilis is a model system for the study of ecological speciation, local adaptation and the evolution of reproductive isolation in microparaptry (Rola´n-Alvarez, 2007; . Recent studies have focused on identifying the genes underlying ecologically divergent traits in this species (Galindo, Grahame & Butlin, 2010) . However, this work has been impeded by the limited genomic information available for L. saxatilis, as the current unreleased reference genome consists of many short contiguous sequences, making alignments difficult or uninformative (Westram et al., 2014) . Further characterization of the L. saxatilis genome through gene annotation and linkage mapping is required to generate more informative genomic resources for this species. This research could be accelerated by reducing cost and increasing the versatility of current sequencing and library preparation methods, allowing more researchers to carry out genomic work in L. saxatilis.
Our method uses steps from ddRAD protocols described by Peterson et al. (2012) and by Parchman et al. (2012) , but differs most notably from these protocols in adding both indexes from the Illumina Nextera Dual Indexing system with PCR, rather than adding only the second index by PCR. In this protocol, restriction-site overhang complementary adapters are ligated to DNA digested by two different restriction enzymes. Index primers complementary to ligated adapters then add both unique index sequences and Illumina flowcell annealing sequences to the final library construct during PCR (Fig. 1A) . By including the index sequences in the PCR primers instead of uniquely indexed adapters, this method substantially reduces the cost associated with preparing RAD sequencing libraries, as only one pair of universal restriction site complementary adapters needs to be ordered per pair of restriction enzymes. Additionally, index primers can be reused in RAD sequencing using other combinations of enzymes, requiring ordering only new enzyme-specific adapters, as opposed to new adapters each with their own index sequences.
In this study we demonstrate the utility of this modified protocol on an F1 backcross family of L. saxatilis for the purpose of de novo reference assembly and SNP allele genotyping. In keeping with our goal of developing an affordable SNP panel development protocol, we evaluate the data produced by this protocol using freely available bioinformatics software for sequence quality analysis, sequence quality control trimming, de novo assembly, alignment and SNP variant calling.
MATERIAL AND METHODS
RAD libraries were prepared using a protocol with steps modified from library preparation methods described by Peterson et al. (2012) and by Parchman et al. (2012) . A comparison of these methods and the protocol described below is provided in Table 1 and Figure 1 . In this protocol, double-digested genomic DNA is ligated to adapters (Fig. 1A1 ) and then PCR-amplified with forward and reverse primers that add unique sample-identifying index sequences and Illumina flowcell annealing sequences (Fig. 1A2) .
This method uses the adapter sequences described by Peterson et al. (2012) , but these sequences are separated into two restriction end to restriction site-specific adapters, index sequences and Illumina flowcell adapters can be added to the final library construct by PCR (Fig. 1A2) . To increase the probability of sampling homologous restriction sites between individuals with sufficient coverage depth, DNA is then size-selected on agarose gel, as in the protocol described by Parchman et al. (2012) . Following sequencing, samples can then be identified and demultiplexed using the unique combination of i5 and i7 barcodes added during PCR. Complete sequences of adapters, index primers and sequencing primers are given in the Supplementary material (file: Low cost ddRAD Library Prep Sequences.txt).
Snail culturing and crosses
On northwestern Atlantic shores, L. saxatilis snails form crabpredation adapted and wave-exposure adapted ecotypes at high and low shore levels, respectively, and regularly hybridize at the mid shore (Rola´n-Alvarez, 2007) . These ecotypes have highest survival in their own zone and show reduced survival when transplanted into zones with the opposing selection regime; crab ecotypes experience higher mortality in high wave-exposure zones and vice versa (Rola´n-Alvarez, Johannesson & Erlandsson, 1997; Rola´n-Alvarez, Austin & Boulding, 2015) . Because the genomic architecture of shore-location adapted traits has yet to be described, we are interested in developing methods for identifying the quantitative trait loci (QTL) associated with ecologically adapted traits in each ecotype in future studies. To facilitate QTL discovery, we set up experimental crosses to track the segregation of adaptive traits with RADseq-identified SNP markers. In November 2011, snails from both ecotypes and hybrids were gathered from Cabo Silliero on the northwestern coast of Spain. These snails were housed in the Hagen Aqualab at the University of Guelph in Guelph, Ontario, Canada, and kept in individual Petri dishes floating in aquarium Instant Ocean salt water at a temperature of 10 8C, following the light cycle of St Andrews, New Brunswick. Sixteen hybrid males were crossed with 16 wave-ecotype females and 32 crab-ecotype females. Because L. saxatiilis females can store sperm from multiple males resulting in multiple paternity within the same brood, crosses were only deemed successful if offspring were not produced until a minimum of 45 days at 10 8C (Ma¨kinen, Panova & Andre´, 2007) . One putative full-sibling family of eight individuals arising from a wave ecotype Â hybrid cross was selected for library preparation as a pilot experiment to test our protocol.
Restriction enzyme selection
We calculated the number of reads required for 20Â coverage of restriction fragments in the 150-500 bp size range across 10 multiplexed individuals using multiple enzyme pairs, assuming 0.44 GC content, to ensure that restriction fragments could feasibly be sequenced with sufficient coverage on an Illumina MiSeq platform. Additionally, to avoid sampling a known repetitive element identified by Wood et al. (2008) , we used the NEB cutter program (Vincze, Posfai & Roberts, 2003) to perform a simulated restriction digest of the repetitive sequence (Genbank acc. no. EF428426.1). Enzymes that cleaved restriction sites within this repetitive sequence were excluded from use in library preparation. Enzymes were also selected by required buffer type; we tested enzymes that could be used for double digestion in the same reaction using the same buffer. BglII and PstI met all of these criteria and were predicted to provide sufficient coverage across the genome for the 10 sampled individuals.
DNA extraction and digestion
Individuals from the pilot family were frozen in liquid nitrogen, and then removed from their shell using a hammer and forceps. Genomic DNA was extracted from all 10 individuals using an E.Z.N.A Mollusc DNA kit (Omega Bio-Tek). DNA quality was confirmed by visualization on 2% TAE agarose gel against a 100 bp DNA ladder (Invitrogen) and was quantified using a NanoDrop spectrophotometer (Thermo Fisher, Inc.). 1,000 ng of DNA from each sample was restriction-digested in a total volume of 20 ml, containing 10 units of BglII and 10 units of PstI, and 100 mg/ml BSA (NEB, Inc.). Samples were digested for 2.5 h at 37 8C, and heat inactivated for 20 min at 80 8C.
Illumina ddRAD library preparation and sequencing
HPLC purified complementary single stranded oligonucleotides were annealed in DNAse/RNAse-free water at 95 8C for 5 min and then cooled to room temperature to form double-stranded adapters with restriction-site complementary overhangs. Annealed adapters were then ligated to restriction-digested DNA in a total volume of 40 ml, each reaction containing one 20 ml restriction digest product, 2 pmol of PstI complementary adapter, 4 pmol BglII complementary adapter and 400 units T4 DNA Ligase (NEB, Inc.). Ligation reactions were incubated at room temperature for 2 h and then heat inactivated at 65 8C for 10 min. Adapter-ligated fragments were then PCR-amplified in an APB 2720 thermocycler with the following cycling conditions: one initial denaturation at 98 8C for 30 s, then 30 cycles of denaturation at 98 8C for 20 s, annealing at 55 8C for 30 s, and extension at 72 8C for 40 s, followed by one final extension phase at 72 8C for 10 min after the 30 cycles. PCR reactions were carried out at a final volume of 20 ml, each containing 0.5 mM forward and 0.5 mM reverse index primers, 0.4 mM dNTPs, 2 ml of the adapter-ligated product and 1 unit of Phusion w High-Fidelity DNA Polymerase (NEB, Inc.). PCR reactions for each individual were carried out in a separate tube containing a unique pairing of forward and reverse index primers, ensuring that each sequenced individual possessed a distinct combination of i5 and i7 index barcodes, allowing for postsequencing demultiplexing. PCR products were pooled and run together in three separate lanes on a 1% TAE agarose gel for 1.5 h at 75 V against a 100 bp DNA ladder (Invitrogen), and visualized on a UV transilluminator using GelRed stain (Biotium). DNA bands within the 400-800 bp size range were manually excised from the gel using a razor, and purified using Qiaquick gel extraction kits (Qiagen). The presence of ligation artefacts consisting of fragments with PstI-specific adapters ligated to both ends was checked by qPCR. Samples were quantified on a StepOnePlus real time PCR instrument (Life Tech) using the KAPA library quantification kit for Illumina libraries (KAPA Biosystems, cat. KK4824) according to the manufacturer's instructions.
Paired-end sequencing was carried out on an Illumina MiSeq using a 600-cycle MiSeq v. 3 reagent kit (Illumina). Sequencing was carried out at the University of Guelph Genomics Facility. The sequencing primers developed for this protocol have a 3 0 end complementary to the last base in the restriction site of each enzyme, which increases the diversity of clusters generated during bridge PCR and eliminates the need for PhiX sequence spiking by initiating sequencing at the first base of the ligated insert in each construct (Supplementary material, file: Low cost ddRAD Library Prep Sequences.txt).
Sequence quality analysis and trimming
Sequence reads were demultiplexed by MiSeq Reporter software and assigned to sequenced individuals. Average sequence quality per read and per base, and presence of repetitive sequences or adapter read-through were checked using FastQC v. 0.11.2 (Andrews, 2014) . Sequence trimming was performed using Trimmomatic v. 0.32 (Bolger, Lohse & Usadel, 2014) to remove sequencing read-through into adapter and barcode regions, and to remove ambiguous bases or stretches of bases that could not be identified during sequencing. Bases were trimmed from the leading and trailing ends of reads if the individual Phred quality score for a base was below Q10. Reads were also trimmed if 10 bases within a sliding window fell below a Phred score of Q20, or if index barcode, enzyme-specific adapter or Illumina adapter sequence were present, indicating read-through beyond sequenced insert fragments.
De novo assembly, read alignment and SNP identification
Trimmed reads from both parents were assembled into contigs using Velvet v. 1.2.10 assembly software (Zerbino & Birney, 2008) . Hash length was set to k ¼ 45 bp and only those assembled contigs with coverage depth greater than 15 were retained for sequence alignment and SNP calling.
Because read lengths for our dataset were often greater than 100 bp and varied in size up to 300 bp, reads from each sequenced individual were aligned to the parental reference assembly using BWA-MEM v. 0.7.10 (Li, 2013) . To call SNPs, we used the SAMtools utilities set (Li et al., 2009) . Aligned reads for each individual were converted from .sam format to binary .bam files using the SAMtools view command, and indexed and sorted using SAMtools sort and SAMtools index commands. We used SAMtools mpileup to calculate the probabilities of observed sequence data across all possible genotypes. Only SNP genotypes were considered in this analysis and insertion/deletion variants were excluded. To call SNPs we used bcftools view to generate a binary call format (.bcf ) file of SNPs called using the probabilities calculated by SAMtools mpileup, calling only sites that had coverage in all sequenced individuals. We then filtered the called genotypes using vcfutils.pl varFilter to identify SNP loci that met filtering criteria: retained SNP sites were required to have a minimum coverage depth of 5 reads, and to decrease the possibility of calling loci from plastids or repetitive sequences we filtered genotypes to remove any SNP site with sequencing depth greater than 1,000, as carried out by Wang et al. (2013) .
SNP filtering
While RAD-sequencing methods provide a large quantity of potentially informative molecular markers, care must be taken to remove erroneously identified polymorphic sites (Henning et al., 2014) . We filtered SNP loci identified by samtools based on observed minor allele frequency and inheritance pattern to generate a subset of SNP loci with low genotyping error that could feasibly be inherited given the known maternal half-sib pedigree. Flagging of SNP loci was carried out using custom R scripts (R Core Development Team, 2013) , and subsequent removal of flagged loci was performed using vcftools (Danecek et al., 2011) .
Parentage analysis
Because there was a possibility of unknown parentage of offspring in our sequenced family, we conducted parentage analysis using all 1,131 called SNPs that passed filtering for genotyping error to determine whether the sequenced male was the true parent of the sequenced offspring. Parentage and sibship analysis was then conducted in COLONY v. 2.0.4.4 (Jones & Wang, 2010) . Assignment of parentage and sibship is assessed in COLONY by likelihood computation of potential pedigree structure. The likelihood of one pedigree structure compared with another is based on offspring and parental allele frequencies. This method allows assignment or exclusion of relationships that would sometimes be erroneously identified in pairwise assignment methods, by allowing inference of parent-offspring relationship based on probability of Mendelian inheritance of considered offspring and sibling genotypes (Wang & Santure, 2009 ).
Parentage and sibship inference was performed using the full likelihood method in COLONY v. 2.0.4.4 for a medium length run with medium likelihood precision, assuming genotyping error rates of 0.01 per SNP site with no allelic dropout, and assuming a diploid, dioecious population with male and female polygamy to allow for multiple maternal half sibs within our sequenced offspring, and without inbreeding.
RESULTS

Raw read characteristics
A total of 13,511,112 raw paired-end reads and 27,022,224 total sequences were obtained from paired-end sequencing on the MiSeq. Of these reads, 12,175,413 paired-end reads and 24,350,826 total sequences could be de-multiplexed and binned to a sequenced individual, allowing for identification of 0.901 of total obtained reads. An average of 1, 103, 728 (SD 523, 675) reads were obtained per individual. Forward reads had an average Phred quality score of Q 28.9 and average 0.444 GC content. Base calls were consistent across the 300 bp length of forward reads and no ambiguous base calls were detected during FastQC quality analysis. Reverse reads were of lower average quality with a mean quality score of Q16. Additionally, ambiguous base calls were detected in reverse reads by 70 bp in sequences for all individuals. GC content also differed between forward and reverse reads; mean GC content was 0.474 for reverse reads.
De novo assembly and alignment
A total of 2,450,016 reads from male and female parents were assembled into a reference assembly consisting of 3,421 contigs, covering 214,233 bp. Contigs had an N50 of 135 bp, and a maximum size of 511 bp.
A total of 4,994,276 quality-trimmed reads were aligned to the reference assembly, aligning an average proportion of 0.401 obtained reads from each offspring. Because the reference assembly was constructed using only highly covered reads from the parental sequences, this proportion of aligned reads is not surprising. Lower coverage regions in parental sequences that could be jointly assembled with a different coverage cut-off value or with additional coverage from offspring sequences were excluded in this assembly and reads from offspring potentially aligning to low-coverage parental sequences were excluded from alignment, limiting the proportion of obtained sequence per individual used in this step.
SNP identification, filtering and parentage analysis
Following filtering of the raw .vcf format file generated by bcftools view, we identified 2,447 SNP variable sites aligned to our reference assembly with covered reads of these variable sites present in all sequenced individuals, with an average SNP call rate of 0.771 SNP per assembled contig. After filtering genotypes based on inheritance pattern and minor allele frequency, 1,131 SNP loci were retained, with an average SNP call rate of 0.331 SNP per assembled contig. Coverage was both high and fairly uniform across called SNPs; mean coverage depth per locus was 33.54 (SD 19.5) . Surprisingly, while maximum depth cut-off was set at a coverage depth of 1,000, mean coverage did not exceed 100 at any called SNP locus.
When the retained 1,131 SNPs were used as genotypes in COLONY v. 2.0.4.4, with the options: (1) full likelihood parentage analysis and (2) marker error rate per SNP ¼ 0.01, all offspring were assigned to both the expected mother and putative father. The assignment of all eight offspring individuals to the putative father provides additional support for the expectation that the female had not been multiply mated during crosses and that all offspring were sired by the putative father, as was expected based on observation of a minimum 45-day delay between initial mating and offspring production.
DISCUSSION
In this study, we describe identification of 1,131 low-error, highcoverage SNP loci associated with PstI and BglII restrictiondigested DNA, using a simplified ddRAD protocol modified for low-cost sequencing and SNP discovery. This protocol was validated with greater than 90% identification of sequenced reads using DNA extracted from a family of 10 Littorina saxatilis (2 parents, 8 offspring). Some basic elements of our new protocol are based on the preexisting ddRAD protocol described by Peterson et al. (2012) . However, the important difference between these protocols is in our use of PCR amplification to add two index barcodes to each library construct for sequencing, making the preparation method closer to a standard amplified fragment-length polymorphism protocol (Vos et al., 1995) . Preexisting protocols (Parchman et al., 2012; Peterson et al., 2012) currently require the addition of at least one set of index barcodes by direct ligation, meaning adapter oligonucleotides must be specific to the restriction site of enzymes used for restriction digestion, and must also be unique in index barcode sequence. While our protocol utilizes the Illumina Nextera Dual Indexing System, capable of uniquely identifying 384 individuals per sequencing run, other index sequences from alternative indexing systems could be used instead. Currently, the cost of ordering the 48 double-stranded standard desalted adapter oligonucleotides with unique index sequences described by Peterson et al. (2012) is approximately US $4,000; indexing the same number of individuals using our modification of this protocol requires purchasing two double-stranded adapter oligonucleotides, for less than US $500, and an indexed set of 24 forward and 24 reverse primers for US $500. Because indexing of samples in this protocol is instead achieved by forward and reverse primers, this protocol allows for switching restriction enzymes pairs for genome reduction at low cost, as only two new double-stranded adapter oligonucleotides need to be ordered per pair of restriction enzymes.
This study also demonstrates the utility of enzymes BglII and PstI in generating restriction-associated DNA fragments for identifying SNP sites within the L. saxatilis genome, and is the first instance in which SNP markers have been identified and used for pedigree reconstruction in this species. Genomic diversity of L. saxatilis has been studied using DNA markers that sample only a few putatively neutral sites in the genome, and transcriptome sequencing to identify coding regions involved in local ecotype adaptation (Rola´n-Alvarez et al., 2004; Galindo et al., 2010; Westram et al., 2014) . Characterizing patterns of genomic divergence created by adaptation to different ecological selective pressures requires sampling not only adaptive loci but also linked selectively-neutral loci, to uncover the location and size of regions of genomic divergence and the relationship of these regions with loci contributing to adaptation (Via et al., 2012) . The SNP loci identified in this study may serve as useful tools in future studies of F ST outlier analysis, quantitative trait loci and linkage mapping, as well as genome-wide association studies in investigation of the genomic architecture of adaptive divergence in L. saxatilis.
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